The paper derives a simple way to calculate the linear relationships between all separable groups of rate constants for de-excitation of Chl a excitation energy. This is done by comparison of the inverse values of chlorophyll fl uorescence intensities and is based on the matrix model of Kitajima and Butler and on the lake model of energy exchange among PSII centers. Compared with the outputs of earlier, similar calculations, the results presented here add some linear comparisons of the relative sizes of rate constants without the need for F 0 ′ measurement. This enables us to regenerate the same alternative formula to calculate q L as presented previously, in a different and simple form. The same former equation to calculate F 0 ′ value from F m , F m ′ and F 0 values is also regenerated in our calculation system in a simple form. We also apply relaxation analysis to separate the rate constant for nonphotochemical quenching ( k NPQ ) into the rate constant for a fast-relaxing non-photochemical quenching ( k fast ) and the rate constant for slow-relaxing non-photochemical quenching ( k slow ). Changes in the sizes of rate constants were measured in Arabidopsis thaliana and in rice. k e and k u , rate constants of q E quenching and unknown quenching ; IC , internal conversion ; IS , intersystem crossing ; k f , k isc and k d , rate constants of chlorophyll fl uorescence, intersystem crossing and basal non-radiative decay ; k fast and k slow , rate constants of fast-or slow-relaxing nonphotochemical quenching ; k NP , k fi d and k NPQ , rate constants of sum dissipation, basal dissipation and non-photochemical quenching ; k pi and k p , rate constants of photochemistry under dark-adapted or light-adapted states ; k si and k s , rate constants of the sum de-excitation under dark-adapted or light-adapted states ; LED , light-emitting diode ; NPQ , a chlorophyll fl uorescence parameter estimating the size of non-photochemical quenching relative to the size of basal dissipation ; PAM , pulse amplitude modulation ; Φ Fast and Φ Slow , chlorophyll fl uorescence parameters approximating the quantum yields of q E quenching and unknown quenching ; Φ ISC , a hypothetical chlorophyll fl uorescence pa rameter estimating the quantum yield of intersystem crossing ; Φ II , Φ NPQ and Φ NO , chlorophyll fl uorescence parameters estimating the quantum yields of PSII photochemistry, non-photochemical quenching and basal dissipation ; PPFD , photosynthetic photon fl ux density ; q L and q P , chlorophyll fl uorescence parameters estimating the fractions of PSII centers in open states based on the 'lake 
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Estimation of the Relative Sizes of Rate Constants for Chlorophyll De-excitation Processes Through Comparison of Inverse Fluorescence Intensities

Introduction
Measurement of Chl a fl uorescence parameters by the pulse amplitude modulation (PAM) method provides information about the de-excitation fl uxes of Chl excitation energy around PSII, by making non-destructive, simple measurements on almost any plant. Fluorescence parameters are calculated from several fl uorescence intensities. The modulation technique measures the increment of total fl uorescence that occurs in response to a measuring pulse. This method enables measurement of fl uorescence intensities, even under illuminated conditions. Fluorescence intensities are measured under different light environments affecting the states of deexcitation fl uxes around PSII ( Baker 2008 ) .
A typical measurement of Chl fl uorescence with PAM is illustrated in Fig. 1 . The relative fl uorescence intensity of a dark-adapted plant is designated F 0 . F 0 is considered to refl ect both the rate of photochemistry (i.e. the fl ux to photosynthetic electron transport) and the sum of the rates of various basal non-photochemical de-excitations. F m represents the relative fl uorescence intensity of a dark-adapted plant illuminated with a saturating pulse. A saturating pulse completely reduces components of photosynthetic electron transport for a moment and stops photosynthetic electron transport, but it does not affect the non-photochemical deexcitations. Thus F m refl ects the rate of the basal non-photochemical de-excitation. The relative fl uorescence intensities under the illumination of a saturating pulse are conveniently described as 'maximum'.
F s represents the relative fl uorescence intensity of lightadapted plants which are illuminated with actinic light. The quantum yield of photochemistry is decreased and the quantum yield of non-photochemical de-excitation is increased under illumination with actinic light. Under illumination, PSII shifts from an 'open' state to a partly 'closed' state, which means that some of the PSII reaction centers cannot utilize excitation energy under illumination. The increase of non-photochemical de-excitation caused by illumination has been usually referred to as 'non-photochemical quenching'. The difference between F s and F 0 is caused by changes in the rates of these de-excitation mechanisms. The intermediate model in terrestrial plants in which the reciprocal exchange of Chl excitation energy seems to predominate. Thus, calculation based on the lake model is a good approximation to obtain insight into the sizes of de-excitation processes based on simple equations. For non-photochemical quenching, they showed that the parameter NPQ (= F m / F m ′ -1) estimates the rate constant of induced nonphotochemical de-excitation relative to the rate constant of basal non-photochemical de-excitation, by Equation (43) of their paper. In addition to these calculations, they also showed that the same formula of
, which estimates PSII photochemical quantum yield under illumination, can be derived from both the lake and the puddle models. Parameters for the quantum yield of basal nonphotochemical de-excitation and induced non-photochemical de-excitation under illumination were also derived { Φ NO = 1/ [NPQ + 1 + q L ( F m / F 0 -1)] and Φ NPQ = 1 -Φ II -Φ NO }. As apparent from the equations, the terms Φ II , Φ NO and Φ NPQ sum to 1. This means that the total de-excitation fl uxes of Chl excitation energy can be linearly separated into these three groups.
Following the above calculations, Hendrickson et al. (2004) proposed simple alternative formulae to calculate Φ NO and Φ NPQ (they call Φ NO as Φ f,D ), such that Φ NO = F s / F m and Φ NPQ = F s / F m ′ -F s / F m . Φ NPQ consists of the same formula as Y N which was proposed by Laisk et al. (1997) , thus providing a clear theoretical background for Y N . The difference in the Φ NO and Φ NPQ formulae between Kramer et al. (2004) and Hendrickson et al. (2004) arises from the difference in their choices of fl uorescence intensities (whether or not F 0 ′ is used) and the different ways the formulae are derived. Values derived from the two approaches are essentially the same, thus calculations of Y N [equal to Φ NPQ of Hendrickson et al. (2004) ] and of Φ NPQ by Kramer et al. (2004) give similar values ( Kramer et al. 2004 ) .
Here, we propose an improved and easier way to calculate the relative values of rate constants of de-excitation processes. We do this through a comparison of the inverse values of the fl uorescence intensities. Although the basic hypothesis of our calculations is essentially the same as those of previous calculations, the simplicity of our calculation enables an improved understanding of the relationship Chl fl uorescence of a rosette leaf of Arabidopsis thaliana was measured. In the fi gure, the x -axis represents the time-course of fl uorescence measurement and the y -axis represents relative fl uorescence intensities. The measuring (modulation) pulse was turned on at 0.2 min. At 1.2 min, a saturating pulse was supplemented to measure F m . Fluorescence intensity just before this supplementation of a saturating pulse corresponds to F 0 . In addition to the measuring pulse, actinic light at the photosynthetic photon fl ux density (PPFD) of 300 µmol m -2 s -1 was turned on at 2.0 min. During illumination with the actinic light, F m ′ and F s were sequentially measured at 3.0, 4.0, 5.0, 6.0 and 7.0 min, then actinic light was turned off at 7.6 min. In the course of dark relaxation, F m ″ and F 0 ″ were sequentially measured at 8.1, 9.1, 10.0, 11.0, 13.1 and 16.0 min, then the measuring pulse was turned off at 16.4 min.
between fl uorescence intensities and the rate constants of the de-excitation processes. Following our method, we are able to calculate the relative amounts between the rate constants from only the fl uorescence intensities F 0 , F m , F m ′ and F s , without F 0 ′ . This elimination of F 0 ′ from calculations is parallel to the results of Oxborough and Baker (1997) , Hendrickson et al. (2004) and Miyake et al. (2009) . Applications of our calculations to photoinhibition are also described. Finally, possible fl uctuation of the S factor and its effect on the NPQ value are discussed.
Results
The defi nitions of the de-excitation processes of Chl excitation energy and its names vary somewhat in the literature and this can be very confusing. To minimize further confusion, we here modify those used in two recent papers on linear calculations of the relative amounts of the rate constants ( Hendrickson et al. 2004 , Kramer et al. 2004 ) and we create some new rate constants to make things clearer still. The list of names and the relationships between the rate constants is shown in Fig. 2 . First, we create the term 'sum de-excitation', which we defi ne as the sum of all the rate constants. This concept is absent from previous analyses but is useful here as it will help us to gain a better insight into the whole question. We write the rate constant of sum de-excitation as k si and k s , where k si represents the sum de-excitation of dark-adapted plants and k s represents the sum de-excitation of lightadapted plants ('i' means 'intrinsic', as in k pi ). Now, k si (or k s ) has two components, photochemistry ( k pi or k p ) and sum dissipation ( k NP ).
Here, the word 'dissipation' means 'energy waste' as the defi nition of an English word. In terms of de-excitation of Chl excitation energy, all de-excitation processes except for photochemistry are energy-wasting processes. So, 'dissipation' could be equal to 'non-photochemical de-excitation'. To represent k NP , the word 'sum dissipation' is used instead of 'sum non-photochemical de-excitation', because the former phrase is shorter. This kind of philosophy was adopted to determine the usage of seven words as to six specifi c deexcitation processes, and the results are listed in Table 1 . The word 'quenching' is generally used for de-excitation processes through intermolecular interactions. Thus 'quenching' is applicable to photochemistry and non-photochemical quenching.
k NP is a rate constant, which is the sum of all rate constants for dissipation processes. Then k NP is further separated into the sum of basal dissipation ( k fi d ) and non-photochemical quenching ( k NPQ ). Basal dissipation is thought to consist of Chl fl uorescence ( k f ), intersystem crossing ( k isc ) and basal non-radiative decay ( k d ) ( Kramer et al. 2004 ) . Induced nonphotochemical dissipation is hypothesized to consist of three factors, 'fast', 'intermediate' and 'slow' components based on the relaxation analysis ( Quick and Stitt 1989 ) . Relaxation analysis represents the measurement of maximum fl uorescence after switching off the actinic light. Fluorescence intensities measured in relaxation analysis are referred to as F m ″ by Baker (2008) . We adopt this usage of the term F m ″ herein (illustrated in Fig. 1 ). Of the three factors of non-photochemical quenching, the fast-relaxing component is often called q E quenching. q E quenching is dependent on the function of PsbS protein ( Li et al. 2000 ) . We write the rate constant of q E quenching as k e , and the rate constant of the sum of the other unknown non-photochemical quenchings as k u . In this paper, we also separate k NPQ into the rate constant of fast-relaxing non-photochemical quenching ( k fast ) and the rate constant of slow-relaxing nonphotochemical quenching ( k slow ). k fast and k slow represent experimental approximations of k e and k u values. Of the rate constants above, all except k fi d , k f , k isc and k d are variable according to the light intensity. In Fig. 2 , we also summarized the symbols for the quantum yields ( Φ ) of de-excitation processes. As described in the Introduction, the quantum yields of de-excitation processes are separated into three parts, Φ II , Φ NO and Φ NPQ . Φ NPQ is further divided into Φ Fast and Φ Slow herein.
The de-excitation processes above are also correlated to the Jablonski diagram of Chl energy states ( Turro 1978 , Dědic et al. 2003 , Heldt 2005 , Sugimori 2008 ; Fig. 3 ). Chls at the ground level (S 0 ) are excited to the fi rst singlet state (S 1 ) through absorption of red light or to the second singlet state (S 2 ) through absorption of blue light. Chls at the second singlet state are unstable and they lose energy in the form of heat by internal conversion (IC) until the fi rst singlet state is reached. The excited Chl can return to the ground state through IC or fl uorescence emittance at the rate of k d and k f . Energies of fi rst singlet Chls can also be transferred to photochemistry or non-photochemical quenching at the rate of k p (or k pi ) and k NPQ . This kind of intermolecular process is called as excited energy transfer (EET). Through intersystem crossing (IS), fi rst singlet Chl can also be converted to the fi rst triplet state (T 1 ), at a relatively low rate ( k isc ). First triplet Chls return to the ground state through phosphorescence emittance, IS or EET to form singlet oxygen of the ∆ state. In  Fig. 3 , various rotation and vibration energy levels are omitted for the sake of simplicity. Based on Kitajima and Butler's matrix model under the lake model of energy exchange among PSII centers, the following equation is hypothesized by Kramer et al. (2004) :
Here, F represents the Chl fl uorescence intensities in general and S is a constant. Equation (1) is written as a general meaning, and for example the term k NPQ represents any values of k NPQ including zero. This kind of general meaning is also adopted in Equations (2) and (3). These general equations are used to show general relationships between fl uorescence intensities and rate constants. The general equations should be looked at separately from the other specifi c equations, where terms are not shown when their values are zero and specifi c fl uorescence intensities are given. In all specifi c equations, the same terms have the same values within a set 
The applicability of three nouns (quenching, dissipation and de-excitation) and four adjectives (photochemical, non-photochemical, basal and induced) was judged for six de-excitation processes. 'O' represents that the word is applicable to the specifi c process.
k : rate constant
Intersystem crossing (k isc ) of calculations. Thus specifi c equations are used to calculate the relationships between fl uorescence intensities and rate constants under each specifi c condition. Equation (1) is also the fundamental equation in our system. It is important that k p is written as k pi for the darkadapted state in specifi c equations. As described above, values of k NPQ and k p change with light intensity. If presented in simpler and the simplest terms, general Equation (1) is equivalent to the following general equations, respectively:
The difference between general Equations (1) and (2) occurs because we set the new rate constant k fi d to represent the sum of all basal non-photochemical de-excitations. The rate constants of the denominator of the right side of Equation (2) represent three major groups of de-excitations.
In general Equation (1), 'S' represents the sensitivity factor, which correlates with the instrument response (Resp) and light intensity ( I ) to the fl uorescence intensity ( Kramer et al. 2004 ) . However, the factor should also contain the proportion of incident light that is absorbed by the leaf ( A leaf ) and the fraction of absorbed light that is received by PSII (fraction PSII ) ( Baker 2008 ) . The proportion of emitted fl uorescence which is not re-absorbed by Chl (Unabs) should also be included. Thus, at least fi ve factors are included in S, the sensitivity factor, in our system:
Other factors which can be included in S will be also discussed later in this paper. This equation should be applicable to both direct detection and PAM detection of fl uorescence intensity. ' I ' represents incident light intensity in direct detection and measuring pulse intensity in PAM detection. The factor S can fl uctuate, especially under stressful conditions ( Baker 2008 ) . We refer to such fl uctuation in S value as 'S fl uctuation' in this paper. Because of the position of the factor S in equations, S fl uctuation causes complex effects on the calculations. Therefore, we will for the moment hypothesize that there are no fl uctuations in S during measurements as in the case of the previous calculations. Probable effects of S fl uctuation on Chl fl uorescence parameters will be discussed later in this paper.
Following general Equation (2) and based on the defi nitions of fl uorescence intensities as described in the second and the third paragraphs of the Introduction, the specifi c equations below are derived for four representative fl uorescence intensities F 0 , F m , F m ′ and F s : Comparing these four equations, we notice that only the left side and the denominators of the right side are different; the other elements are all the same. So, to facilitate calculation, taking inverse values is the reasonable way, as follows:
Next, both sides are multiplied by S · k f , and the sides exchanged to obtain:
Now, because S · k f has a constant value under the present hypothesis, from Equations (13)- (16) we can say that the inverse values of the fl uorescence intensities are proportional to the sum of all the rate constants. The left sides of Equations (13)-(16) consist of four unknown rate constants ( k fi d , k NPQ , k pi and k p ) and the right sides consist of the unknown, but stable, constant S · k f and four given fl uorescence intensities ( F 0 -1 , F m -1 , F m ′ -1 and F s -1 ). From these equations, it is apparent that any of the four rate constants can be represented as the multiplication of S · k f and addition/subtraction of inverse values of fl uorescence intensities. Thus, any relative amount between two of the four rate constants or the addition/subtraction of the four rate constants can be calculated quite simply. The following are the major equations for the calculation of relative amounts between rate constants:
Using these six equations, the linear parameters already described are readily interpreted by rate constants as:
These photochemical-kinetic explanations are in accordance with the previous descriptions (refer back to the Introduction). The situation is a little different for the parameter q L . In our system, q L is calculated as:
This formula is different from the formula provided previously by Kramer et al. (2004) , which is:
This difference comes from the difference in the choice of fl uorescence intensities. Kramer et al. chose F 0 ′ for calculation of k pi instead of F 0 . In our system, F 0 ′ gives the following equation:
Taking Equation (15) from Equation (25) gives
The q L of Kramer et al. is given by Equation (18)/Equation (26). Miyake et al. (2009) also derived an equation to calculate q L without use of the F 0 ′ value through several steps of calculations as follows:
This equation can be transformed as follows:
Both numerator and denominator of the right side are divided by F 0 · F m · F m ′ · F s to obtain:
Thus Equation (23) is the same as, and represents another form of, the equation derived by Miyake et al. (2009) .
As shown above, our simplifi ed system enables calculation of any relative amounts between the four rate constants k pi , k p , k fi d and k NPQ . Relationship between all rate constants and fl uorescence intensities can even be visualized under various light intensities, as shown in Fig. 4A . Following our approach, any new linear parameter to measure the relative amounts between rate constants shown in Fig. 4A can be derived, even for unprecedented combinations of rate constants. As an example, we propose a new parameter q S , which is derived from Equation (16)/Equation (13) as follows:
This simple parameter fi rst enables estimation of the changes in the rate constant of sum de-excitation.
Next, we take advantage of our system to separate k NPQ into two components, k fast and k slow . It is proposed that factors of non-photochemical quenching can be distinguished by relaxation analysis ( Quick and Stitt 1989 ) . Quick and Stitt (1989) suggested fast, middle and slow components of non-photochemical quenching based on relaxation analysis.
The half-times of dark relaxation of these components were about 1 min, 5 min and hours. In relaxation analysis, the time-course change of F m ″ is measured after the actinic light is turned off for several minutes or longer in some cases. The fast-relaxing component of non-photochemical quenching, called q E quenching, is completely dependent on the function of PsbS (also called NPQ4) and q E quenching is completely lost in the npq4 mutant of Arabidopsis thaliana ( Li et al. 2000 ) . In the course of dark relaxation of Arabidopsis leaves, the wild-type and npq4 show approximately the same F m ″ values after 1 min of relaxation and later on, judging from the fi gures of the previous reports ( Li et al. 2000 , Li et al. 2002 , Logan et al. 2008 . The time of dark relaxation when wild-type and psbS give similar F m ″ values is 5-7 min in rice ( Koo et al. 2004 ) . When non-photochemical quenching is divided into its fast, middle and slow components based on the method of Quick and Stitt (1989) , it seems to have been empirically hypothesized that the pattern of a time-course plot of F m ″ gives two straight lines corresponding to relaxation of the intermediate and slow components of nonphotochemical quenching (or three straight lines when the
Before HL HL (1 hr.) intervals of saturating pulses are short enough to detect the change in the fast-relaxing component). This approach is used in many papers. However, the relaxation plot gives an even curve from 10 min through to 20 min of relaxation analysis and this approach with straight lines does not seem completely effective in our analysis of rice leaves ( Fig. 5A ) . The plot of NPQ during the relaxation analysis is even more curvilinear ( Fig. 5B ) . From these observations, we suggest that the approach with straight lines is not necessarily accurate, at least in some situations. This is a natural consequence, because there is no theoretical ground that the relaxation pattern consists of straight lines. Next, we take an alternative method. Even if the relaxation of non-photochemical quenching is not linear or it does not follow any mathematically explainable curve, we can confi dently estimate the size of the non-photochemical quenching which relaxes within, for example, 1 min in the dark because comparison between the F m ′ value just before dark adaptation and that of F m ″ after 1 min of dark relaxation can give this value based on our calculation system. We term the F m ″ value after 1 min of dark relaxation F m ″ (1m) . The rate constant for non-photochemical quenching relaxing within 1 min of dark relaxation is termed k fast , and the rest as k slow in our analysis of Arabidopsis. Alternatively, the rate constant k slow measured with the threshold dark relaxation duration of 5 min is used in our analysis of rice. The durations of '1 min' of dark relaxation for Arabidopsis and of '5 min' for rice are suggested just as examples and can be modifi ed according to the conditions and purposes of the experiments. Similarly, this approach also does not necessarily give a strictly correct division of non-photochemical quenchings, but this approach can strictly divide nonphotochemical quenchings into two parts which are relaxing before and after a given duration of dark relaxation. F m ″ (1m) gives the following specifi c equation in our system (please note k NPQ = k fast + k slow ):
Equation (15) -Equation (30) gives k fast as follows:
Similarly, Equation (30) -Equation (14) gives k slow as follows: Relationships of k fast and k slow with other rate constants are also shown in Fig. 4A . In this way both k fast and k slow are also able to be compared linearly with the other rate constants.
Following the calculations above, the relative sizes of all four groups of rate constants ( k p , k fast , k slow and k fi d ) were measured in rosette leaves of Arabidopsis under various light intensities, where light intensities were measured by photosynthetic photon fl ux density (PPFD; µmol m -2 s -1 ) ( Fig. 6A ). Values were standardized with the value of k si (as 1.0). Interestingly, the sum de-excitation of the illuminated leaves stayed at a relatively constant level, around 60 % of that of the dark-adapted leaves (in other words, q S was around 0.6) under all light intensities examined. Under high light intensities, the size of k p decreases. To compensate for the decrease of k p , non-photochemical quenching is induced. Especially fast-relaxing non-photochemical quenching plays a major role in keeping k s stable. In the conventional relaxation analyses, slow components of non-photochemical quenching are called ' q T ' and ' q I '. ' q T ' is induced even with low light intensities and ' q I ' is correlated with photoinhibition ( Quick and Stitt 1989 ) . k slow in this paper approximately corresponds to the sum of the rate constants of ' q T ' and ' q I '. In the experiment shown in Fig. 6A , actinic lights are supplemented only for 5 min. Under this condition, ' q I ' will be hardly induced and ' q T ' is expected to be the dominant component of k slow . In fact, k slow is induced even with low light intensities such as 100 and 200 µmol m -2 s -1 in PPFD.
As k NPQ was separated into k fast and k slow components, the quantum yield of non-photochemical quenching, Φ NPQ , can also be separated into Φ Fast and Φ Slow , which correspond to the quantum yield of de-excitation through fast-and slowrelaxing non-photochemical quenching. Quantum yields of all four groups, Φ II , Φ Fast , Φ Slow and Φ NO , were calculated from data in Fig. 6A as follows, and the result is illustrated in Fig. 6B :
Here, the formula of Φ NO is the same as that of Hendrickson et al. (2004) , and the sum of Φ Fast and Φ Slow is the same as Φ NPQ of Hendrickson et al. (2004) 
, because the F 0 ′ value is not used both in this paper and in Hendrickson et al. (2004) . The relationship between the different formulae of Φ NPQ and Φ NO of Kramer et al. (2004) and Hendrickson et al. (2004) will be discussed elsewhere in this paper. In Fig. 6B , quantum yields of the two components of non-photochemical quenching continued to increase as light intensity increased, in contrast to the sequential decrease of Φ II under the higher light (33)- (36)]. Φ II , quantum yield of photochemistry; Φ Fast , quantum yield of fast-relaxing non-photochemical quenching; Φ Slow , quantum yield of slow-relaxing non-photochemical quenching; Φ NO , quantum yield of basal dissipation. Data represent means and SDs. n = 4.
conditions. At the highest light intensity (PPFD = 1,500 µmol m -2 s -1 ), fast-relaxing non-photochemical quenching was the prevalent pathway for de-excitation, followed by basal dissipation, slow-relaxing non-photochemical quenching and, lastly, photochemistry. Finally, damage by high light was analyzed for indica and japonica rice cultivars, based on our calculation system. Rice varieties are separated into two subpopulations, indica and japonica ( Garris et al. 2005 ) . From observation of several varieties, it is reported that the decrease of F v / F m caused by exposure to high light is less in japonica varieties than in indica varieties. This decrease of F v / F m ( ∆ F v / F m ) is thought to refl ect damage to PSII reaction centers because the content of the D1 protein changes in parallel with the change of F v / F m ( Jiao and Ji 2001 ) .
However, the question must be asked, does this decrease in F v / F m actually refl ect a decrease in the rate of photosynthetic electron transport? F v / F m represents the part of photochemistry in the sum de-excitation of dark-adapted leaves. Because of its mathematical character [Equation (20)], there are two possibilities that may be entertained as to the reason for the decrease in F v / F m . The fi rst is the decrease in photochemistry ( k pi ) and the other is the increase in slow-relaxing non-photochemical quenching ( k slow ). Although leaves are usually dark adapted for some minutes before measurements of F v / F m , the slow-relaxing non-photochemical quenching is expected not to relax completely with this treatment and this can accelerate the decrease in F v / F m . Thus, the observed difference in ∆ F v / F m between indica and japonica rice cultivars cannot be readily attributed to the difference in the damage to the photochemical apparatus.
Comparison of the effects of k pi and k slow on ∆ F v / F m values has been lacking till now because the effect of k slow has not been considered and there has been no way to estimate the changes in k pi . In our calculation system, the change of the k pi value ( q PI ) and the change of the k slow value relative to the k fi d value ( q Slow ) are given by the following formulae, which are similar to the case of q L and the NPQ calculations in Equations (23) and (22):
In these equations, we introduced a new fl uorescence intensity F 0 ″ to represent fl uorescence intensity during dark relaxation, which is measured without supplementation of saturating pulse (as illustrated in Fig. 1 ). In the equations, F 0 ″ ( X h,5m) represents the F 0 ″ value after X h of high-light exposure and following 5 min of dark relaxation. The same is true of the F m ″ values. The relationship between fl uorescence intensities, rate constants and fl uorescence parameters during high-light treatment of rice leaves is shown in Fig. 4B .
To determine the change of q PI and q Slow values, we treated rice leaves under high light ( Fig. 7 ) . Rice cultivars used in this experiment were three indica cultivars (Kasalath, Habataki and Nona Bokra) and four japonica cultivars (Nipponbare, Koshihikari, Sasanishiki and Akihikari). Of these varieties, the cultivar Kasalath, according to recent reports ( Garris et al. 2005 , Kovach et al. 2007 ), belongs to a group called aus , which belongs to the indica varietal group rather than the japonica varietal group. Rice leaf pieces were excised from fully expanded leaves and placed on water. F 0 and F m values were measured after 5 min of dark adaptation and every hour during exposure to high light (PPFD = 1,500 µmol m -2 s -1 ).
By exposure to high light, the F v / F m values decrease (as can be seen, these are not strictly F v / F m , because the leaves are not fully dark adapted). The ∆ F v / F m value is significantly less in japonica leaves than in indica leaves, as reported earlier ( Fig. 7A ; Jiao and Ji 2001 ) . In a similar manner, q PI also decreases after exposure to high light, and the decrease of q PI is less in japonica than in indica , refl ecting the tolerant nature of japonica to high light ( Fig. 7B ). On the other hand, the q Slow value increases after exposure to high light ( Fig. 7C ) . In contrast to the q PI value, the q Slow value is similar between indica and japonica leaves for up to 3 h of exposure to high light. After 4 h of exposure, the q Slow value is greater in japonica leaves than in indica leaves. At this time, the q Slow value is similar between indica and japonica leaves, although the value looks somewhat larger in japonica leaves. Hence, the quite similar values of F v / F m between indica and japonica leaves after 4 h of high-light exposure are explained by the greater q PI and q Slow values in japonica leaves than in indica leaves. Thus the previously observed slower degradation of the photosynthetic apparatus by high-light treatment in japonica leaves than in indica leaves was fi rst examined by the change of k pi values in this experiment. The pattern of the change of k pi values was basically parallel to the change of F v / F m values, although a difference in the change of q Slow values also affected the difference in F v / F m values between indica and japonica leaves after 4 h of high-light treatment in this experiment. Judging from q PI values, about 30 % of deexcitation capacity of photochemistry is lost after high-light treatment for 1 h and about 45 % of de-excitation capacity of photochemistry is lost after high-light treatment for 4 h. Such quantitative estimation of loss of de-excitation capacity of photochemistry was not possible with the conventional measurements with the parameter F v / F m . In general, the quenching capacity of a quencher is approximately proportional to its concentration at low concentrations (SternVolmer relationship). The quenching capacity becomes less than expected by this linear relationship as the quencher concentration becomes saturated. There are no data on whether the concentration of the photochemical apparatus of PSII in the thylakoid membrane is lower or higher than its saturation level for this Stern-Volmer linear relationship. So, for example, 30 % loss of de-excitation capacity of photochemistry in PSII represents a loss of ≥ 30 % of the functional photochemical apparatus.
Discussion
In this paper, we derive a simple way to calculate relative amounts between rate constants for the de-excitation mechanisms of Chl excitation energy. Our results are complementary to some earlier calculations that deal with the same issues ( Hendrickson et al. 2004 , Kramer et al. 2004 , Miyake et al. 2009 ). Here, let us also analyze the relationship between our results and an earlier calculation which estimated the value of fl uorescence intensity F 0 ′ from F m , F m ′ and F 0 values ( Oxborough and Baker 1997 ) . In their calculation, the following equation is derived:
Oxborough and Baker (1997) observed a strong and proportional relationship between the measured F 0 ′ value and this calculated F 0 ′ in several plant species. In Equation (39), F v represents F m -F 0 . The right side of Equation (39) is transformed for comparison with our calculations. F v in Equation (39) is substituted by F m -F 0 to obtain:
F m · F m ′ is multiplied by both the denominator and numerator of the right side:
Both the denominator and the numerator of the right side are divided by F 0 · F m · F m ′ : Inverse values of both sides give:
In our system, the left side of Equation (43) is expressed with rate constants and the factor S using Equation (25) as:
Similarly, the right side of Equation (43) is expressed with rate constants and the factor S using Equations (9), (10) and (11) as:
Because the right sides of Equations (44) and (45) are the same, the left side of Equation (44) is equal to the left side of Equation (45). Thus Equation (43) is also derived in our calculation system. This is a natural consequence, because the background hypotheses are the same between our calculations and the calculation by Oxborough and Baker (1997) . Thus our calculation system is also consistent with the calculation by Oxborough and Baker (1997) .
Similar to Oxborough and Baker (1997) , exchangeability between F 0 and F 0 ′ following Equation (43) can also be exemplifi ed from the comparison between two different formulae which calculate Φ NPQ . As described in the Introduction, the formula for Φ NPQ of Kramer et al. (2004) [shown by Equation (46) below] is different from that of Laisk et al. (1997) and Hendrickson et al. (2004) 
. This difference occurs because the F 0 ′ value is used in a part of the formula by Kramer et al. (2004) . In Kramer et al. (2004) , Φ N PQ is given by the following equation:
If F 0 ′ in Equation (46) is substituted by the right side of equation (43), Φ N PQ is calculated as:
This equation is the same as that of Laisk et al. (1997) and Hendrickson et al. (2004) . Thus, the observed similarity between Φ NPQ values calculated by two different formulae with or without the F 0 ′ value ( Kramer et al. 2004 ) also shows exchangeability between F 0 and F 0 ′ following Equation (43). The two formulae for Φ NPQ are essentially the same under the lake model, which is also true of two different formulae for Φ NO presented by Kramer et al. (2004) and Hendrickson et al. (2004) .
The comparison of inverse values of fl uorescence intensities is not an entirely new approach. In inorganic chemistry, the Stern-Volmer plot gives excellent linear correlations between quencher concentration and its quenching capacity by plotting the inverse values of fl uorescence intensities. The essence of the Stern-Volmer plot is that an inverse plot of fl uorescence intensity gives linear quantifi cation of quenching capacities. In the analysis of the non-photochemical quenching of Chl fl uorescence in plants, the basal dissipation is interpreted as the intercept of the Stern-Volmer plot, and non-photochemical quenching is interpreted as the variable term of the Stern-Volmer plot. The key output of our paper represents a modifi cation of the Stern-Volmer approach to take an overview of a multiquencher system in higher plants.
On the other hand, our calculations, like previous linear calculations of rate constants in higher plants, are based on the hypotheses that the reciprocal exchange of Chl excitation energy between PSII centers follows the lake model, and that the 'factor S' remains constant throughout the measurement of Chl fl uorescence. Although without strict experimental support, the lake model does seem to fi t with the results of higher plant studies, at least so far ( Kramer et al. 2004 ) . Several other models have also been hypothesized and tested especially regarding an explanation of the processes of fl uorescence induction (or the Kautsky effect; Lazár 1999 ). We also have to question whether the assumption of stability of the S factor is valid. We hypothesize that the factor S consists of the product of fi ve factors, where S = I · A leaf · fraction PSII · Unabs · Resp. This resolution of factor S may not be the fi nal version yet, because secondary fl uorescence and the inner fi lter are also expected to affect fl uorescence intensity ( Sušila and Nauš 2007 ) . The low intensity of fl uorescence which is thought to be emitted from PSI may also affect fl uorescence intensity.
Of all these possible factors, an apparently varying factor within a measurement is A leaf (the proportion of incident light that is absorbed by the leaf). The degree of light absorption by a leaf is adjusted by chloroplast movement both positively and negatively. When absorption is accelerated with weak blue light, the absorption ratio of a leaf can increase by up to 15 % depending on the species. Moreover, these changes in absorption ratios are accompanied by changes in fl uorescence intensity ( Brugnoli and Björkman 1992 ) . Chloroplast movement also occurs under high-light conditions in a different manner from that under low-light conditions ( Haupt and Scheuerlein 1990 ) . Although a way to avoid this fl uctuation is to use Arabidopsis mutants which are defi cient in chloroplast movement ( Kasahara et al. 2002 ) , the physiological properties of the mutants may be different from the wild type; for example, mutants are more sensitive to high-light stress. Also, this method is not readily applicable to other plant species. Chloroplast movement can occur and infl uence the ratio of light absorption by a leaf within several minutes. When tobacco leaves are illuminated at a high intensity, the intensity of transmitted light signifi cantly increases even after 5 min of treatment ( Nauš et al. 2008 ). In such cases, S fl uctuation caused by chloroplast movement is hypothesized.
Next, we will discuss a possible method to measure S fl uctuation. If the measuring equipment is equipped with a farred light source, one can measure the sets of F s , F m ′ and F 0 ′ within short periods as illustrated in Baker (2008) . These fl uorescence intensities give the following equations:
From these equations, k p , k pi and k s are given by (16) - (15), (25) - (15) and (16). From these rate constants, parameters Φ II and q L can be calculated within a set of F s , F m ′ and F 0 ′ measurements, but parameters relating to the non-photochemical quenchings are not calculated within a set of F s , F m ′ and F 0 ′ measurements because the F m value is inevitably necessary to relate k fi d to the rate constants of non-photochemical quenching, and these parameters such as NPQ remain susceptible to S fl uctuation.
The possible way to calculate changes in the factor S can be derived from calculations. Following the method above, k pi is calculated at any point in time without S fl uctuation as:
If factor S changes from the initial non-fl uctuated value [designated as S (i) here] to a new, fl uctuated value [designated as S (f) here], Equation (48) is written for each non-fl uctuated and fl uctuated condition as:
F 0 ′ (i) in Equation (49) represents the F 0 ′ value under the initial state, and F 0 ′ (f) in Equation (50) represents the F 0 ′ value under the fl uctuated state. The same is true of F m ′ values. Because the left sides of Equations (49) and (50) are the same ( k pi ), the right sides are also the same:
k f is deleted from both sides and both sides are divided by the same terms to obtain:
This relationship utilizes the stability of k pi , and the measurement should be under normal or weak light levels which do not induce high-light damage in the PSII reaction center. Of course this is a hypothetical model and so requires experimental verifi cation before being established as an effective method.
In a similar vein, we describe the hypothesis that S fl uctuation is one of the constituents of slowly relaxing non-photochemical quenching. The possible infl uence of chloroplast movement on quenching parameters was formerly discussed by Brugnoli and Björkman (1992) . Because S fl uctuation is not actually dissipation, this effect is 'pseudodissipation'. Let us hypothesize the case where S fl uctuation has occurred without any change in dissipations. Equation (15) (53) and (55), NPQ (i) is expressed by rate constants as:
NPQ (f) is calculated as:
By substituting F m ′ (f) -1 and F m -1 in the right side of this equation with rate constants in Equations (54) and (55), NPQ (f) is expressed by rate constants and S values as:
To compare the values of NPQ (i) and NPQ (f) , k NPQ / k fi d of the right side of Equation (59) 
the leaf was given a saturating pulse at 10,000 µmol photon m -2 s -1 (KL 1500 LCD, Schott, Cologne, Germany). After that, actinic light at 300 µmol photon m -2 s -1 was provided. Saturating pulses at 10,000 µmol photon m -2 s -1 were also supplemented during illumination with the actinic light and during dark relaxation.
Measurement of Chl fl uorescence with FluorCam
Whole rosettes of Arabidopsis or excised leaves of rice (approximately 0.5 cm 2 ) which were fl oated on ion-exchanged water were measured. Leaves were dark adapted for at least 1 h before starting measurements, and Chl fl uorescence was measured with a Closed FluorCam (Photon Systems Instruments, Brno, Czech Republic). Leaves were also dark adapted for 5 min before each F v / F m measurement in 
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